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Introduction {#sec001}
============

Streptokinase (SK) is an affordable drug in resource-limited countries for treatment of circulatory disorders like ischemic stroke, myocardial infarction and pulmonary embolism. It is secreted by beta-hemolytic bacteria e.g. *Streptococcus equisimilus* \[[@pone.0155831.ref001]\]. Being of non-human origin, it can trigger an immune response which may cause allergic and hemorrhagic reactions \[[@pone.0155831.ref002]\]. Besides high antigenicity, it has other shortcomings like short half-life and rapid kidney clearance. Nonetheless, as a plasminogen activator, it exhibits efficiency equivalent to that of relatively expensive tissue-plasminogen activator (tPA) or its improved derivatives \[[@pone.0155831.ref003]\]. Streptokinase activates plasminogen (PG) through a complex pathway. Unlike other PG activators which directly act on their substrate (plasminogen), SK interacts with PG (zymogen) which consecutively undergoes a complex, poorly understood conformational rearrangement, and forms an active, highly substrate-specific SK.Plasmin(ogen) "activator" complex. This complex then cleaves a scissile peptide bond between Arg^561^-Val^562^ of PG and this results in generation of plasmin (PN), a non-specific proteolytic enzyme, which catalyses dissolution of fibrin clots \[[@pone.0155831.ref004]\].

The structural-functional inter-relationship of SK with PG, in binary and ternary complexes, has been elegantly elucidated in recent years \[[@pone.0155831.ref005]--[@pone.0155831.ref012]\]. SK follows two distinct pathways for PG activation \[[@pone.0155831.ref004], [@pone.0155831.ref013]--[@pone.0155831.ref015]\]. In pathway 1, SK binds with PG and the entailing molecular rearrangements result in formation of a non-proteolytically active zymogen complex which displays a near-identical amidolytic activity as exhibited by free plasmin. This complex undergoes conformational changes and gets converted to a fully-functional SK-human plasmin (SK.HPN) active complex. It has been postulated that the activation of zymogen involves conformational changes either by proteolytic release of Val 562 of plasminogen or due to binding of SK. In fact, activation of zymogen has been demonstrated by amidolytic assays. Several investigations have supported the Bode and Huber \'molecular sexuality theory\' considering the importance of the N-terminus (Ile1) amino acid of SK during plasminogen activation. Deletion of Ile1 at N-terminal of SK impairs its potential of creating an active site in plasminogen via a non-proteolytic mechanism \[[@pone.0155831.ref016]\]. Crystal structure data of SK also validated the role of N-terminal of SK in zymogen activation, thereby supporting the so-called \'molecular sexuality theory\' \[[@pone.0155831.ref012]\]. X-ray crystal structure of SK.μPN complex have revealed the various covalent and non-covalent interactions involved in maintenance of the binary complex and also the selective substrate-binding exosites as deduced earlier from the earlier biochemical and biophysical binding studies \[[@pone.0155831.ref005], [@pone.0155831.ref007], [@pone.0155831.ref009], [@pone.0155831.ref010]\]. The alpha domain of SK was observed to potentially participate in substrate-recognition along with regions of the beta domain that are not implicated in activator complex formation *per se*. The gamma domain of SK binds in vicinity of activation loop of the \'partner\' μPG and contributes in evoking conformational changes in the PG molecule leading to the activation of zymogen of the complex. During this process, the N-terminal region of SK has a particularly important role. In the second pathway (Pathway 2), SK directly binds with plasmin forming an active SK.HPN complex which then accelerates the conversion of substrate PG into PN. In fact, plasmin has a higher binding affinity for SK as compared to plasminogen. Numerous investigations indicate that deletion of upto 16 amino acids from the N-terminal end and of upto 27 amino acids from the C-terminal of SK do not significantly impair its biological activity \[[@pone.0155831.ref017]--[@pone.0155831.ref019]\].

Diverse approaches have been employed for obviating the shortcomings such as antigenicity, short half-life of therapeutically important proteins. These include selective amino-acid modifications \[[@pone.0155831.ref020]\] and conjugation with various compounds such as peptides \[[@pone.0155831.ref021]\], albumin \[[@pone.0155831.ref022], [@pone.0155831.ref023]\] and carbohydrate-moieties like poly-ethylene glycol (PEG) \[[@pone.0155831.ref024], [@pone.0155831.ref025]\]. Among these, PEGylation is reported to be quite promising \[[@pone.0155831.ref026], [@pone.0155831.ref027]\]. In fact, more than ten PEGylated therapeutics have already received approval of US FDA and many more are in the pipe-line \[[@pone.0155831.ref026], [@pone.0155831.ref028], [@pone.0155831.ref029]\]. Investigations on PEGylation of SK have been conducted earlier \[[@pone.0155831.ref030]\]. In these studies, low molecular weight PEG moieties (2--8 KDa) were introduced rather non-specifically into the polypeptide by lysyl side-chain modification using carbodiimide mediated condensation reaction. Under such conditions, the bioactivity was observed to be progressively compromised as the number of PEG groups increased. Previously, we attempted to design an improved full-length streptokinase by conjugating PEG-moieties within each domain or into two and in all the three domains of native SK \[[@pone.0155831.ref031], [@pone.0155831.ref032]\]. Mono and bi-PEGylated derivatives did exhibit higher activities, much improved half-life and reduced immune-reactivity. However higher order of PEGylation was seen to compromise the activity significantly. Even when the bioactivity was reasonably retained along with a suitably increased (and potentially useful) *in vivo* half-life, we could not obtain any derivative with an improved fibrin clot specificity, a much coveted clinical trait. Despite the improvement in half-life, PEGylation of full-length SK still leaves some uncovered immunological hot-spots and epitopic regions which can evoke immune response. Therefore, shortcomings of full-length SK prompted us to re-design PEGylated truncated-SK molecules with diminished immunogenicity. Previously, truncated SK derivatives with native-like activities \[[@pone.0155831.ref017]--[@pone.0155831.ref019]\] with reduced epitopic regions at their N and C-terminii have been reported. Clot-specificity is another important parameter that is desirable for an efficient thrombolytic drug. SK generates systemic activation in circulation and degrades fibrinogen in a speedy manner. Therefore, SK derivatives devoid of systemic activation of PG are required for superior therapeutic usage. In the present investigation, we have engineered truncated SK constructs with an additional cysteine residue incorporated at either the N- or C-termini for site-specific thiol chemistry-based PEG-conjugation. Employing this approach, we have successfully obtained and characterized PEG-SK preparations with desirable combination/s of fibrin clot specificity, reduced immunogenicity and clinically relevant *in vivo* survival rate having bioactivity comparable to that of native SK.

Materials and Methods {#sec002}
=====================

Materials {#sec003}
---------

*SK* gene was cloned in T7 RNA polymerase promoter-based expression vector, pET-23d \[[@pone.0155831.ref007]\] and was transformed in *Escherichia coli* BL21 (DE3) strain obtained from Novagen Inc. (Madison, WI). Restriction endonucleases, Thermostable DNA polymerase (*pfu* Turbo^TM^), T4 DNA ligase and other DNA modifying enzymes were purchased from New England Biolabs (Beverly, MA). Oligonucleotide primers were provided by Integrated DNA technologies (IDT), Coralville, Iowa. PCR-extraction and purification of DNA were carried out with kits available from Qiagen GmbH (Germany). Glu-plasminogen was either procured from Roche Diagnostics GmbH, Germany or purified from human plasma by affinity chromatography in the presence of inhibitors etc. \[[@pone.0155831.ref033]\] DEAE Sepharose^™^ (Fast Flow), Phenyl-Agarose 6XL and Sephacryl high resolution gel filtration media were purchased from GE-Healthcare. Methoxy-PEG maleimide of 10KDa and 20 KDa MW were products of JenKem Technology, USA. All the reagents used were of highest analytical grade available.

Animal Study {#sec004}
------------

The study on animals was carried out strictly in accordance with the ethical guidelines of the Institute (Institute of Microbial Technology) and approved by Institutional Animal Ethics Committee (IAEC) vide Approval number IAEC/11/5.

Design and construction of SK derivatives {#sec005}
-----------------------------------------

Native *SK* gene, from *Streptococcus equisimilus* H46A strain, earlier cloned in pET 23d vector\[[@pone.0155831.ref007]\] was used for deletion and substitution mutations. The nSK contains 414 amino acids but the truncated SK has only 1--383 amino acid residues and has been denoted as SK1-383. The vector (pET 23d) also contains ampicillin resistance gene which was used for the selection. Cysteine residues were incorporated at the desired terminal/s (N or C-terminal) and represented as SK1-383N and SK1-383C respectively, with commercially available Quick-change® Mutagenesis kit (Agilent Technologies, USA) using two complementary primers which contained the desired mutation. *pfu turbo* enzyme was used to replicate both plasmid strands with high fidelity. *Dpn I* enzyme, which cleaves methylated and hemi-methylated DNA, was used to digest parental plasmid. The nicked plasmid was transformed into *E*.*coli* XL1-Blue chemical competent cells. Positive clones with the desired mutation were then confirmed by DNA sequencing. Confirmed plasmids were transformed into *E*. *coli* BL21DE3 cells for expression of the protein.

Expression and purification of streptokinase and its mutants {#sec006}
------------------------------------------------------------

Streptokinase and its cysteine mutants were over-expressed as inclusion bodies in *E*.*coli* strain BL21DE3 cells under the control of T7 phage RNA polymerase promoter after induction with isopropyl-1-thio-β-D-galactopyranoside and subsequently purified with slight modifications as described earlier \[[@pone.0155831.ref007]\]. The bacterial culture (1L) was pelleted by centrifugation at 8000 rpm for 15 min at 4°C and lysed after washing with cold 80 ml STE buffer containing 100 mM NaCl, 10 mM Tris-HCl (pH 7.5), 1 mM EDTA (pH 8). Cell pellet was then suspended in 33 ml cold STE buffer containing 100mM NaCl, 10 mM Tris-HCl (pH 7.5), 1 mM EDTA (pH 8) and sonicated for a total time of 50 min with 30 sec on and 30 sec off pulse rate. The cell lysate was centrifuged at 12,500 rpm for 20 min at 4⁰C to obtain inclusion body (IB) pellet. IB was further washed twice with 20 ml STE buffer containing 2 M urea and 0.5% Triton X- 100. The pellet was then centrifuged at 12500 rpm for 15 min at 4⁰C and dissolved in 20 mM phosphate buffer containing 8 M Urea and and incubated for 1 hr with gentle shaking. The inclusion body contain denatured protein in 8M urea was centrifuged to recover the protein in supernatant. The protein was diluted 15-fold in equilibration buffer containing 0.5 M NaCl, 20 mM phosphate buffer, pH 7.2 and 0.1 mM DTT. The diluted protein was loaded over a pre-equilibrated phenyl agarose hydrophobic interaction chromatography (HIC) column and eluted with water after washing the column with 3--4 bed volume equilibration buffer at 4°C. Protein fractions were quantified by Bradford estimation and checked for purity on SDS-PAGE gel. All HIC fractions that contained the pure protein were pooled and loaded over an equilibrated DEAE-sepharose column (GE-Healthcare). The column was then washed with an equilibration buffer containing 20 mM phosphate buffer (pH 7.5) to remove unbound protein followed by elution of the desired protein with an elution buffer containing 1 M NaCl in 20 mM phosphate buffer (pH 7.5) in a linear gradient manner. Protein fractions were collected and examined quantitatively by Bradford \[[@pone.0155831.ref034]\] and qualitatively by SDS-PAGE gel analysis.

SDS-PAGE and MALDI-TOF analysis of PEGylated and unPEGylated SK constructs {#sec007}
--------------------------------------------------------------------------

All PEGylated and unPEGylated derivatives were checked for their purity and conversion (unPEGylated to PEGylated form) on the SDS-PAGE gel. For this, 5ug of the protein (PEGylated or unPEGylated) was mixed in 5X loading dye (reducing and non-reducing dye separately) and separated on 7.5% polyacrylamide gel. Gel was run slowly in 1X Tris-glycine buffer at 25 mA for 2 hours for fine separation. When gel was over, it was placed with coomassie staining solution (Bio-Rad) for 1h followed by repeatedly washing in destaining solution to clearly visualize the sharp bands. Reference protein ladder (GE-Healthcare) was used to determine the exact protein size. Although, the accurate determination of the molecular weights were determined by MALDI-TOF. For MALDI-TOF analysis, 1 mg/ml protein was desalted in water on 1 ml column containing G-25 Sephadex media. The desalted proteins were analysed on an AB SCIEX instrument (model-AB SCIEX TOF/TOF^TM^ 5800) for their accurate molecular weights.

Human Plasminogen (HPG) activation assays with and without plasmin by native SK and its cysteine mutants {#sec008}
--------------------------------------------------------------------------------------------------------

A one-stage colorimetric assay was used to determine the kinetics of activation of HPG by native SK (nSK) and its cysteine mutants \[[@pone.0155831.ref035]\]. Continuous change in absorbance was measured at 405 nm with increasing time in a BioTek^TM^ Elisa Reader (Model Gen 5 1.08) at 25°C. Activities of the activators were also measured by incubating plasmin with 1 nM and 2 nM concentrations along with HPG and Chromozyme ^®^ PL in the assay. The activities were calculated from the slopes of the progress curves by plotting graphs of change in absorbance/time-square \[[@pone.0155831.ref035], [@pone.0155831.ref036]\].

Amidolytic activation of HPG/uPG by nSK/PEG-SK variants at 37°C and 4°C {#sec009}
-----------------------------------------------------------------------

HPG/μPG (final concentration, 5μM) was incubated with native streptokinase (nSK) /PEGylated SK (final concentration 5.5 μM) in a 50 mM Tris(hydroxymethyl aminomethane)-HCl buffer, pH 7.5 containing 0.5% bovine serum albumin. Then the complex was transferred into the well containing assay buffer having 50 mM Tris-HCl, pH 7.5, 100 mM NaCl along with 1 mM Chromozyme ^®^PL to a final concentration of 10 nM. The time-course of amidolytic activity generation was measured by recording absorbance at 405 nm with time \[[@pone.0155831.ref005], [@pone.0155831.ref016]\].

Determination of clot-lysis by native SK and its PEGylated variants {#sec010}
-------------------------------------------------------------------

Fibrinolytic activity of nSK and its PEGylated variants were determined as described previously \[[@pone.0155831.ref037]\] with slight modifications. Briefly, a 100 μl clot was prepared by incubating 12 μM fibrinogen (human, Sigma, USA), 50 nM thrombin (human, Calbiochem, La Jolla, CA), 25 mM CaCl~2~ and 100 nM Glu-PG (Roche Diagnostics GmbH, Germany) at 37°C for 1 hour. Fibrinogen was dissolved in buffer containing 40 mM Tris-HCl buffer (pH 7.4), 75 mM NaCl and 0.01% Tween 20. Subsequently, the different concentrations of SK and its variants, i.e., 5 nM to 50 nM were added to the clot and fibrinolysis was observed by change in fibrin opacity at 405 nm. The time point for 50% and 100% clot-lysis was calculated from the absorbance vs time data.

Fibrinogen estimation in plasma containing nSK or PEGylated SK {#sec011}
--------------------------------------------------------------

Effect of activators on the level of fibrinogen present in circulating plasma was determined by measuring total fibrinogen concentration in plasma in the presence of activators at various time-intervals. 25 nM concentration of nSK and PEGylated SK constructs were independently incubated in plasma at 37°C. 100 μl of aliquots were removed from each plasma and transferred to already STI (soybean trypsin inhibitor) containing tubes at every 15 min intervals. The samples were centrifuged for 10 min at 4000 rpm and the supernatant collected. To supernatant, 900 μl of sodium sulfite (10.5% stock concentration) was added and incubated for 15 min at 37°C, followed by centrifugation at 4000 rpm for 15 min. The supernatant was discarded and 400 μl of sodium sulfite was added and vortexed after breaking the pellet. The mixture was centrifuged at 4000 rpm for 15 min. Supernatant was discarded and pellet was dissolved in 300 μl of 4M Urea containing 0.1N NaOH. The mixture was incubated for 15 min at 100°C. Then, the pellet was dissolved by vigorous shaking and absorbance of the suitably diluted samples was taken at 280 nm. Estimation of fibrinogen was done in duplicates \[[@pone.0155831.ref038], [@pone.0155831.ref039]\].

Determination of plasma half-life of nSK and PEGylated SK {#sec012}
---------------------------------------------------------

The study on animals was carried out strictly in accordance with the ethical guidelines of the Institute (Institute of Microbial Technology) and approved by Institutional Animal Ethics Committee (IAEC) vide Approval number IAEC/11/5. *In vivo* half-life of the nSK or PEGylated constructs was determined in CD1 mice by injecting 50 μg of these proteins, in duplicates. Prior to injecting into mice, all the above proteins preparations were passed through a column of Polymyxin B Agarose (BioRad Inc., Palo Alto, CA, USA) \[[@pone.0155831.ref040]\] gel for removing endo-toxins. CD1 mice, each weighing 23--25 gm were anaesthetized with 3% iso-fluorane and mild vasodilation was induced by exposing the tail to a 100-watt fluorescence lamp. Around 50 μg protein in sterile phosphate buffer saline (PBS) was injected via the tail vein into the mice. Approximately 50 μl of whole blood samples were collected at different time intervals by tail transection or from retro-orbital sinus, and transferred to heparinized eppendorf tubes. After the last collection, mice were sacrificed by cervical dislocation. The samples were centrifuged at 2000 g for 10 min to recover plasma which was further incubated after suitable dilution with 20 nM plasmin in an assay buffer containing 0.5% bovine serum albumin, 50 mM Tris-HCl buffer (pH 7.5), 1 μM plasminogen and 1 mM Chromozyme ^®^PL in a 96-well plate. The residual levels of various constructs in plasma were determined indirectly from a reference curve prepared by plotting activity per time^2^ vs varying amount of the standards \[[@pone.0155831.ref035], [@pone.0155831.ref036]\].

Immune-reactivity of nSK and its PEGylated-SK constructs {#sec013}
--------------------------------------------------------

The relative immunogenicity of nSK or PEGylated-SK constructs was examined using nSK anti-sera (polyclonal) raised in rabbits by an ELISA-based method, as described previously \[[@pone.0155831.ref041], [@pone.0155831.ref032]\]. Firstly, nSK was diluted in 0.05 M bicarbonate buffer, pH 9.2 to obtain 0.015 μg to 0.030 μg final concentration of the protein in a 100 ul solution and this was added to each well of the microtiter plate (Nunc 96-Well Microplates, Cole-Parmer USA). These (nSK) antigen-coated plates were then incubated overnight at 4°C. Next day, the plates were washed twice with wash buffer comprising of phosphate buffered saline (PBS) containing 0.05% tween 20. The unoccupied sites were blocked with 200 μl of blocking buffer containing 10% skim milk in PBS for 2 h at room temperature (22°C) followed by three times washing with the wash buffer. Appropriate dilution of nSK/PEG-SK proteins were mixed with primary antibody solution for competition and were incubated for 30 min at 37°C in a mixture of 1 μM NPGB (*p-*nitrophenyl *p-*guanidinobenzoate) and 0.15 ml skimmed milk. All the protein dilutions were done in PBS. 100 μl of the above diluted primary antibody (1:5,000) was added to each well. The plate was incubated at room temperature for 1 h. Thereafter, the plate was again washed three times with the wash buffer and subsequently 100 μl of an appropriately diluted horse-radish peroxidase enzyme-labeled secondary antibody (1:10,000 in PBS), was added into each well. The plate was then incubated at room temperature for 1 h and washed three times with wash buffer. To each well 100 μl of 1X TMB (Tetramethylbenzidine Liquid substrate (Sigma-Aldrich, USA) was added and the plate incubated for 30 min at room temperature. The reaction was stopped by adding 50 μl 1.0 N sulphuric acid to each well and the color intensity was recorded spectrophotometrically at 450 nm \[[@pone.0155831.ref032]\].

PEGylation of nSK cysteine mutants {#sec014}
----------------------------------

Cysteine mutants of nSK were PEGylated using maleimide-activated linear methoxy PEG \[[@pone.0155831.ref042]\] of 10KDa or 20KDa (JenKem Technology, USA). For the PEGylation reaction, 2 mg protein was kept in 100 mM HEPES buffer, pH 6.0 containing 2 mM EDTA and 0.5 mM TCEP (tris(2-carboxyethyl) phosphine). To this, 9.2 mg of either 10KDa or 18.2 mg of 20KDa PEG reagent was added. The reaction mix was allowed to gently stir at room temperature for 6--12 h (standardized for every reaction).The reaction was stopped by addition of 1 mM of DTT. Alternatively, for N-terminal PEGylation, The protein was reduced with 6 M GITC (Guanidinium thiocyanate) and 1 mM DTT prior to PEGylation \[[@pone.0155831.ref043]\]. PEGylated protein was separated from free PEG by anion exchange chromatography on a DEAE-Sepharose™ column (GE-Healthcare) at 4°C. For this, the reaction mixture was diluted 10--15 times with 2 mM HEPES buffer (pH 7.0) and loaded onto a pre-equilibrated column of DEAE-Sepharose (Fast Flow). The column was washed with a 2mM HEPES buffer pH 7.0 buffer and the bound protein was eluted using a linear salt gradient (0--0.5 M NaCl) in 2 mM HEPES buffer. Subsequently, the eluted protein was subjected to size-exclusion chromatography on Sephacryl S-100 column (Amersham Biosciences) in buffer comprising 100 mM HEPES buffer (pH 6.0), 2 mM EDTA, 150 mM NaCl and 10 mM DTT, to separate unPEGylated SK from PEGylated form.

Results {#sec015}
=======

Construction, purification and PEGylation of nSK variants {#sec016}
---------------------------------------------------------

SK is totally bereft of cysteine \[[@pone.0155831.ref044]\] and hence in the present study, the site-specific PEGylation was performed in the cysteine-substituted SK constructs by methoxy-malaemide chemistry. SK-constructs which were truncated at either C or N-terminal were employed to generate uniform and site-specific PEGylated complexes \[[@pone.0155831.ref019], [@pone.0155831.ref043], [@pone.0155831.ref045]\]. Under the optimized condition, PEGylation of the mutated constructs at the terminal ends resulted in approximately 75--80% of PEGylated-SK complexes while 10--15% remained unPEGylated as observed on SDS-PAGE ([Fig 1](#pone.0155831.g001){ref-type="fig"}). The mono-PEGylated derivatives were then enriched by a two-step purification process which comprised of an anion-exchange chromatography for removing the unbound PEG molecules, followed by gel-filtration chromatography for separating PEGylated SK complex from the unPEGylated protein. PEGylation of SK1-383C-PEG20 derivative (C-terminal truncated cysteine mutant PEGylated with 20KDa moiety) showed presence of PEGylated SK (at 92KDa) and small amount unPEGylated SK (45KDa) in 7.5% SDS-PAGE. The latter was subsequently removed by gel-filtration chromatography ([Fig 1A](#pone.0155831.g001){ref-type="fig"}, lanes 3 and 4). Likewise, the reaction of SK1-383N-cys (N-terminal truncated cysteine mutant) with 10KDa PEG molecule, resulted in PEGylated (60KDa) and the native unPEGylated-SK (44KDa) ([Fig 1B](#pone.0155831.g001){ref-type="fig"}, lane 2). The unreacted PEG and unconjugated-SK were separated from PEGylated-SK complex by anion-exchange and gel-filtration chromatography, respectively ([Fig 1B](#pone.0155831.g001){ref-type="fig"}, lanes 3 and 4). Incidently, the PEGylated-SK complex displayed anomalous migration on SDS-PAGE. Therefore, the exact molecular weight of the SK-PEG complexes was determined by MALDI-TOF analysis \[[@pone.0155831.ref046]--[@pone.0155831.ref047]\] and as evident from [Fig 2](#pone.0155831.g002){ref-type="fig"} was in accord with the expected theoretical values.

![SDS-PAGE analysis of the SK-PEGylated protein.\
**(A)** SDS-PAGE analysis of purified SK1-383C-PEG20 (C-terminal truncated cysteine mutant PEGylated with 20KDa moiety) derivative. Lane 1: unpegylated protein; lane 2: molecular weight markers; lanes 3 and 4: Fractions 1 and 2 of purified SK1-383C-PEG20, through gel filtration chromatography. **(B)** Electrophoresis of SK1-383N-PEG10 (N-terminal cysteine mutant PEGylated with 10KDa moiety) SK derivative stained with coomassie. Lane 1: molecular weight markers; lane 2: PEGylation reaction mixture; lane 3: PEGylated protein after anion-exchange chromatography; lane 4: PEGylated protein after gel filtration chromatography.](pone.0155831.g001){#pone.0155831.g001}

![Determination of molecular weight of PEGylated derivatives by mass-spectrometry (MALDI-TOF).\
Molecular weight determined by MALDI-TOF of the PEGylated and unPEGylated-SK mutants were in agreement with their calculated molecular weight. **(A)** SK1-383N-PEG10 **(B)** SK1-383C-cys **(C)** SK1-383N-PEG20 **(D)** SK1-383C-PEG10 **(E)** nSK **(F)** SK1-383C-PEG20.](pone.0155831.g002){#pone.0155831.g002}

PEGylated-SK complex displayed plasmin-dependent activation of HPG as compared to nSK {#sec017}
-------------------------------------------------------------------------------------

A one-stage activity was performed to determine the rates of activation of HPG by PEGylated-SK constructs and nSK. The PEGylated derivatives of nSK were incubated with HPG and Chromozyme ^®^ PL in a 96-well plate and the time-course of HPG activation was monitored by recording absorbance at 405 nm \[[@pone.0155831.ref005], [@pone.0155831.ref035]\]. PEGylated-SK constructs exhibited a distinctly more prolonged lag in plasminogen activation as compared to nSK, which under the experimental conditions showed a remarkably shorter lag-period of about 7 min ([Fig 3](#pone.0155831.g003){ref-type="fig"}). Moreover, with increase in the molecular weight of PEG-conjugated to SK, the HPG activation was perceptibly protracted ([Fig 3A](#pone.0155831.g003){ref-type="fig"}).

![Depiction of time-course activation of HPG by nSK, truncated SK and PEGylated SK and PN-dependency of PEG-SK derivatives for the activation of HPG.\
**(A)** nSK/truncated SK/PEGylated-SK (0.5 nM conc. each) were added separately in microtiter plate wells, containing HPG and chromozyme^®^ PL. The progress curves of activation of HPG were measured spectrophotometrically at 405nm over time. The graph shows nSK (black color circles)SK1-383N-cys (blue rectangles), SK1-383N-PEG10 (green triangles), SK1-383N-PEG20 (red diamonds). **(B)** Graph represents activation of HPG by nSK/SK1-383C-PEG derivatives at 1 nM conc. each in the assay. nSK (black circles), SK1-383C-PEG10 (red rectangles), SK1-383C-PEG20 (green triangles). **(C)** Plasmin (1 nM or 2 nM) was incubated in a well containing nSK/truncated PEG-SK derivative, HPG and chromozyme ^®^ PL. Graph depicts native SK (black circles), SK1-383N-PEG20 containing 1 nM HPN (red rectangles), SK1-383N-PEG20 containing 2 nM HPN (blue triangles). Statistical analysis showed significant difference (p-value \< 0.0001, n = 10, one-way ANOVA test).](pone.0155831.g003){#pone.0155831.g003}

For instance, SK1-383N-PEG20 (red diamonds) exhibited a lag-period of 14 min as compared to 11 min for SK1-383N-PEG10 (green triangles)([Fig 3A](#pone.0155831.g003){ref-type="fig"}). The duration of HPG-activation period for un-PEGylated-SK cysteine mutants (blue rectangles) was identical to that for nSK (black circles). As with the N-terminal PEGylated derivatives, C-terminal SK-PEGylated constructs also exhibited a longer lag-period for the HPG-activation which was exaggerated with increase in the size of PEG-moiety. The, SK1-383C-PEG10 (red rectangles) and SK1-383C-PEG20 (green triangles) displayed HPG-activation period of 7 and 12 min, respectively, as compared to about 4 min for nSK (black circles) ([Fig 3B](#pone.0155831.g003){ref-type="fig"}). Evidently, PEGylation of SK at either terminal retarded the HPG activation though to different extents. Furthermore, the biological activity of different PEGylated-SK constructs was compared with the native SK. Two different concentrations of plasmin, viz., 1 and 2 nM, were incubated with PEGylated-SK (PEGylated at either N or C-terminal), HPG and Chromozyme. It is noteworthy that in the presence of plasmin both the PEGylated-SK constructs demonstrated HPG-activation that was comparable with that of nSK. It can thus be inferred that N-terminal PEGylated-SK constructs i.e. SK1-383N-PEG10 and SK1-383N-PEG20 follow Pathway 2 of HPG activation and their activation is accelerated in presence of plasmin, which is generally prevalent around the clot.

Amidolytic activation of HPG/μPG by nSK/PEG-SK variants at 37°C and 4°C {#sec018}
-----------------------------------------------------------------------

The amidolytic activity of truncated-SK-PEGylated constructs and nSK as their respective complexes with HPG and μPG was monitored at A~405~ nm at both 37°C and 4°C \[[@pone.0155831.ref005]\]. At 37°C, as with nSK ([Fig 4A](#pone.0155831.g004){ref-type="fig"}, black circles), a perceptible, though somewhat feeble, μPG-mediated activation was observed for SK1-383C-PEG20 (green rectangles) but not for the SK1-383N-PEG10-μPG complex ([Fig 4B](#pone.0155831.g004){ref-type="fig"}, red rectangles) under identical experimental conditions. Unlike nSK (black circles), SK1-383N-PEG10 (red rectangles) and SK1-383N-PEG20 (blue triangles) in complex with μPG ([Fig 4C](#pone.0155831.g004){ref-type="fig"}) and HPG ([Fig 4D](#pone.0155831.g004){ref-type="fig"}), did not show any detectable activity at 4°C. Furthermore, the amidolytic activity of nSK and truncated-SK-PEGylated variants in complex with HPG or μPG was also examined at 37°C and 4°C for different time-intervals by SDS-PAGE analysis ([Fig 5](#pone.0155831.g005){ref-type="fig"}). In 7.5% SDS-PAGE, different intermediate fragments of nSK and μPN/HPN were observed in both nSK-uPG ([Fig 5A](#pone.0155831.g005){ref-type="fig"}, lane 1) and nSK-HPG complexes ([Fig 5B](#pone.0155831.g005){ref-type="fig"}, lane 1) within 3 min of complex formation. It is clearly seen that the main band of nSK (47 KDa) fragmented into two bands within 3 min of complex formation and which (upper band) further fragmented into smaller fragments after 10 min. Similarly, μPG (28 KDa) disintegrated into μPN within 3 min of complex formation. Moreover, nSK was completely cleaved into smaller fragments in both nSK-μPG ([Fig 5A](#pone.0155831.g005){ref-type="fig"}, lane 2) and nSK-HPG complexes ([Fig 5B](#pone.0155831.g005){ref-type="fig"}, lane 2) after 10 min. Under the same experimental conditions, no fragmentation of nSK (negative control) was observed in the absence of μPG ([Fig 5A and 5B](#pone.0155831.g005){ref-type="fig"}, lane 3). Importantly, SK1-383N-PEG20-μPG and SK1-383N-PEG20-HPG complexes did not undergo fragmentation even after 10 min of complex formation. Therefore, it can be inferred that PEGylation prevents fragmentation in nSK. These results, as shown in Figs [4](#pone.0155831.g004){ref-type="fig"} and [5](#pone.0155831.g005){ref-type="fig"}, evidently signify that C-terminal PEGylation did not impede the HPG or μPG activation at 37°C in the truncated PEGylated-SK complexes, while, in contrast, the N-terminal PEGylation completely abolished this activity.

![Amidolytic activity of nSK/truncated PEG-SK complexes with HPG/μPG at 37°C and 4°C.\
Pre-incubated HPG/uPG with nSK/truncated PEG-SK derivatives were added into the cuvette containing chromozyme ^®^ PL. Amidolytic activity generation were monitored by change in absorbance at A~405~ by hydrolysis of the substrate S-2251. **(A)** Graph displays amidolytic activation by native SK (black circles) and SK1-383C-PEG20 (green rectangles) in complex with μPG at 37°C. **(B)** Graph depicts the effect of conjugation of PEG moiety at N-terminal of derivative SK1-383N-PEG10 (red rectangles) by blocking its amidolytic activation in comparison with nSK (black circles), after making complex with μPG, at 37°C. **(C)** Graph displays the blocking of pathway I by N-terminally PEGylated SK truncated derivatives i.e. SK1-383N-PEG10 (red rectangles), SK1-383N-PEG20 (blue triangles) in comparison with nSK (black circles), when in complex with uPG, at 4°C. **(D)** Graph depicts no amidolytic activation by SK1-383N-PEG10 (red rectangles) and SK1-383N-PEG20 (blue triangles) in comparison with nSK (black circles), after making 1:1 complex with HPG, at 4°C. Statistical analysis showed significant difference (p-value \< 0.0001, n = 6, one-way ANOVA test).](pone.0155831.g004){#pone.0155831.g004}

![SDS-PAGE analysis of the HPG/μPG-nSK/PEG-SK complexes.\
Native SK/PEG-SK was incubated with HPG/μPG to form 1:1 complex at 5 μM concentration. After 3 and 10 min, each of these complexes were subjected to SDS-PAGE under reducing conditions. **(A)** Gel demonstrates the fragmentation of nSK after complex formation with μPG while no effect was noticed with PEG-SK derivatives. Lane 1: nSK-μPG complex (3 min); lane 2: nSK-μPG complex (10 min); lane 3: Streptokinase alone; lane 4: SK1-383N-PEG20-μPG (10 min). **(B)** SDS-PAGE indicates the blockage of pathway I when in complex with HPG. Lane 1: nSK-HPG complex (3 min); lane 2: nSK-HPG complex (10 min); lane 3: Streptokinase alone; lane 4: Molecular weight marker; lane 5: SK1-383N-PEG20-HPG (10 min).](pone.0155831.g005){#pone.0155831.g005}

PEG-SK constructs showed clot-lysis activity comparable to nSK {#sec019}
--------------------------------------------------------------

The clot-lysis activity of nSK and truncated SK-PEGylated constructs was ascertained by the conventional approach in a microtitre plate. Initially, fibrin clot was formed by reconstituting fibrinogen, thrombin and plasminogen in a Tris-HCl buffer, and the potency of nSK and truncated SK-PEGylated constructs to lyse the clots at various time-points was evaluated by recording absorbance at A~405~ nm \[[@pone.0155831.ref037]\]. From [Fig 6](#pone.0155831.g006){ref-type="fig"}, it is apparent that the truncated SK-PEGylated constructs (both at N- and C-termini) as well as nSK, were equally effective in clot-lysis. At 5 nM concentration, SK1-383N-PEG20 (dark blue rectangles) and SK1-383C-PEG20 (blue triangles), exhibited near-identical time-course profiles as that of nSK (black circles). This is indicated by the observation that the truncated SK-PEGylated constructs manifested 50% clot-lysis at the same time (i.e. 75 min) as shown by nSK.

![Demonstration of clot-lysis profile of PEG-SK variants in comparison with nSK at 5 nM concentration.\
A 100 μl of clot was incubated with nSK or its PEGylated derivatives in a microtitre plate at 37°C. Lysis of the clot was measured with time at A~405~ nm on ELISA plate reader. Graph represents the lysis of clot by SK1-383N-PEG20 (dark blue rectangles) and SK1-383C-PEG20 (blue triangles) in comparison with nSK (black circles). Experiment was performed in triplicates and standard deviation is shown with error bars.](pone.0155831.g006){#pone.0155831.g006}

PEGylated-SK constructs exhibited decreased fibrinogenolysis activity as compared with nSK {#sec020}
------------------------------------------------------------------------------------------

The impact on PEGylated-SK constructs as compared to nSK, on the fibrinogen lysis in blood, was evaluated by plasma fibrinogenolysis assay by using sodium-sulfite method \[[@pone.0155831.ref037]\]. nSK and PEGylated-SK constructs (SK1-383C-PEG20 and SK1-383N-PEG20) were incubated at 25 nM concentration with human plasma at 37°C, and aliquots were collected after every 15 min, and analyzed for residual fibrinogen levels. It is evident from the data in [Table 1](#pone.0155831.t001){ref-type="table"} that at 25 nM, SK1-383C-PEG20 containing wells had approximately 80 and 65%, after 15 and 30 min of the initial fibrinogen levels, while SK1-383N-PEG20 displayed 93 and 85% fibrinogen levels as compared to the corresponding levels of around 66% and 45% for nSK.

10.1371/journal.pone.0155831.t001

###### Comparison of the presence of fibrinogen (in %) in plasma in presence of native SK and PEG-SK variants[^a^](#t001fn001){ref-type="table-fn"}.

![](pone.0155831.t001){#pone.0155831.t001g}

  Time points   Concentration (nM)   nSK (%)   SK1-383C-PEG20 (%)   SK1-383N-PEG20 (%)
  ------------- -------------------- --------- -------------------- --------------------
  15 min        25.0                 65.9      81.2                 93.0
  30 min        25.0                 44.8      66.7                 83.8

^a^25 nM concentration of nSK/truncated PEGylated derivatives was incubated in plasma and appropriate amount of aliquots were removed after every 15 min to determine the amount of fibrinogen (see [Materials and Methods](#sec002){ref-type="sec"} for details). Average values (mean of three determinations) of variants are shown in the table.

These results indicate that 50% of fibrinogen was degraded in about 30 min by nSK at 25 nM ([Fig 7](#pone.0155831.g007){ref-type="fig"}, blue diamonds), and tends to suggest that it would have taken about 1 h and \>1 h at the same concentration of SK1-383N-PEG20 ([Fig 7](#pone.0155831.g007){ref-type="fig"}, green triangles) and SK1-383C-PEG20 ([Fig 7](#pone.0155831.g007){ref-type="fig"}, red rectangles) to reach the same levels, clearly showing a protective influence of PEGylation.

![Determination of fibrinogen (in percentage) in the presence of native SK and PEG-SK variants in plasma.\
25 nM concentration of nSK/truncated PEGylated derivatives were incubated with plasma and suitable volume of aliquots were removed after every 10 min for determination of the residual fibrinogen content. Graph represents the rate of fibrinogen degradation (in percentage) with time at 25 nM concentration by nSK (blue diamonds), SK1-383N-PEG20 (green triangles) and SK1-383C-PEG20 (red rectangles). Experiment was performed in triplicates and standard deviation is shown with error bars.](pone.0155831.g007){#pone.0155831.g007}

PEGylation enhances plasma half-life of SK {#sec021}
------------------------------------------

The plasma (*in vivo*) half-life of truncated PEGylated-SK constructs and nSK were assessed by injecting 50 μg of the different constructs in mice and their activity was monitored in plasma at different time intervals. The drained plasma-containing nSK or PEGylated SK constructs samples from the mice were incubated with plasmin and Chromozyme in a 96-well plate and absorbance was recorded at 405 nm. The residual levels of various constructs in plasma were indirectly determined from reference curve/s that was constructed by plotting activity per time^2^ v/s varying amount of the standards. The PEGylated-SK constructs at C-terminal (SK1-383C-PEG10 and SK1-383C-PEG20) exhibited plasma half-life of 7.5 h and \~9 h, respectively ([Table 2](#pone.0155831.t002){ref-type="table"}).

10.1371/journal.pone.0155831.t002

###### Comparison of half-life of truncated PEG-SK derivatives with nSK in plasma[^a^](#t002fn001){ref-type="table-fn"}.

![](pone.0155831.t002){#pone.0155831.t002g}

  Derivatives      Half-life
  ---------------- -----------
  SK1-383C-PEG10   7.5 h
  SK1-383C-PEG20   \>9 h
  SK1-383N-PEG10   1 h
  SK1-383N-PEG20   2 h

^a^50 μg of nSK/truncated PEGylated derivatives were intravenously administered in mice and their half-live were measured by PN-dependent activation assay (see [Materials and Methods](#sec002){ref-type="sec"} for details). Average values (mean of three determinations) of variants are shown above.

The N-terminal PEGylated-SK constructs i.e. (SK1-383N-PEG10 and SK1-383N-PEG20) disappeared more rapidly with half-lives of 1 h and 2 h, respectively ([Table 2](#pone.0155831.t002){ref-type="table"}). The half-life of nSK was merely 15--20 min under the same conditions. It is evident that C-terminal PEGylation of SK yielded preparations with considerably longer plasma half-life compared to the corresponding N-terminal constructs.

PEGylated-SK constructs demonstrated lower immune-reactivity compared to nSK {#sec022}
----------------------------------------------------------------------------

The immune-reactivity of PEGylated-SK constructs and nSK was determined by competitive enzyme-linked immunosorbent assay (ELISA) using polysera obtained from rabbits immunized with nSK. Results in [Fig 8](#pone.0155831.g008){ref-type="fig"} indicate that, at equivalent protein concentrations, the PEGylated-SK constructs, namely SK1-383C-PEG20 and SK1-383N-PEG20, elicited 65% and 67% lower immune reactivity as compared to nSK.

![Demonstration of the relative reactivity of PEGylated SK truncated variants with rabbit polysera.\
The reactivity of nSK and PEGylated SK truncated variants were determined against rabbit polysera and expressed as percentage relative to that displayed by the former (taken as 100 percent reactivity). ELISA plates were coated with nSK and competition against polysera by PEGylated and unPEGylated (indicated on abscissa of each graph) proteins were assessed separately (see [Materials and Methods](#sec002){ref-type="sec"} section). Experiment was performed in triplicates and standard deviation is shown with error bars.](pone.0155831.g008){#pone.0155831.g008}

Discussion {#sec023}
==========

Streptokinase is a highly effective thrombolytic agent, which, being relatively more economical is often used in less affluent societies for myocardial infarction. However, if some of its major drawbacks can be rectified, it has the potential to occupy centre-stage as an effective thrombolytic, especially for ischemic strokes. Some drawbacks which invite attention are systemic activation of HPG \[[@pone.0155831.ref048]\] and the consequent fibrinogen depletion by SK, which, if rectified, it can be given as a bolus shot instead of a slow infusion that requires hospital settings; another objective has been to reduce SK's antigenicity as much as possible, while increasing its *in vivo* half-life. It has been earlier shown that PEGylation of SK considerably enhances its therapeutic attributes \[[@pone.0155831.ref030], [@pone.0155831.ref049]\] but an uncontrolled (non-specific) PEGylation is likely to lead to non-homogenous populations of PEGylated-SK adducts with varying physiochemical, pharmaceutical and biological properties \[[@pone.0155831.ref030]\]. A more rigorously controlled, site-specific PEGylation of SK will facilitate production of preparations having superior consistency and clinical reproducibility. Besides, it will enable designing of more reliable, concise and convenient strategies for removal of unreacted materials and impurities during production. In the present investigation, site-specific PEGylation of SK was attempted after cysteine incorporation through maleimide chemistry \[[@pone.0155831.ref042]\]. PEG groups of two different molecular masses *viz*. 10 KDa and 20 KDa were conjugated to the cysteine mutants of N-and C-terminally truncated-SK constructs. It has been previously shown that N-terminal and C-terminal truncated constructs are biologically active \[[@pone.0155831.ref017]--[@pone.0155831.ref019]\].

The PEGylated-SK complexes were evaluated for various functional attributes to assess their thrombolytic efficacy. The results obtained indicate that PEGylated-SK1-383C construct displayed HPG activation similar to that of the nSK molecule. In contrast, under the same experimental conditions, no HPG activation was observed for the N-terminally modified construct, namely PEGylated-SK1-383N-PEG. The inability of the N-terminal PEGylated SK construct in activating HPG could be attributed to the fact that N-terminal of SK contains a \'\'catalytic switch\'\' which imparts it an ability to activate PG both via fibrin-dependent and fibrin-independent mechanisms \[[@pone.0155831.ref050]\]. In addition, Ile at the first position at N-terminal is involved in formation of a complex with HPG which results in catalytic activation and conversion of \" free\" HPG to HPN \[[@pone.0155831.ref016]\]. In contrast, the C-terminally truncated-SK, SK1-383C-Cys, upon PEGylation with either 10 KDa or 20 KDa, bears an intact original N-terminus, and showed, as expected, an intact Pathway 1 activation capability. Incidentally, both the N- and C- terminally PEG-modified constructs displayed almost the same level of activity as the native SK in the presence of plasmin wherein Pathway 2 is operative.

The kinetics of non-proteolytic zymogenic or amidolytic activation of both N- and C-terminally PEGylated SK1-383 constructs were then examined by SDS-PAGE patterns at 37°C and 4°C, respectively. In conformity with the results obtained for the HPG activation assay, the kinetic analysis also indicated that PEGylated-SK1-383C possessed activity almost identical to native-SK. On the other hand, PEGylated-SK1-383N constructs, irrespective of the PEG size used for conjugation, were completely devoid of HPG activation. The obtained results signify that the activation of HPG by PEGylated-SK1-383N constructs entails formation of a complex that consists exclusively of SK1-383N-PEG and PN rather than the complex of SK1-383N-PEG and PG. Plasmin has previously been shown to be released in high concentrations in the vicinity of clots which leads to a fast conversion of substrate HPG into HPN for fibrinolysis in the blood clots \[[@pone.0155831.ref051], [@pone.0155831.ref052]\]. Our studies denote that PEGylated-SK1-383N construct would be more efficient and act as a fibrin specific plasminogen activator as it will become active only in the presence of plasmin, present in the fibrin clots and not that in the general circulation, which lacks free plasmin.

The clot lysis activity of the PEGylated-SK constructs was also assessed. It is relevant that both the N-terminus and C-terminus constructs PEGylated either with 10 KDa or 20 KDa moiety displayed almost same rate of degeneration of fibrin clots with time as seen with nSK. The specificity of both N-and C-terminally PEGylated SK1-383 constructs was estimated by determining the relative amount of fibrinogen in plasma and compared with nSK. Both N-and C-terminally PEGylated SK1-383 constructs exhibited markedly lower fibrinogen depletion in plasma than with nSK. The results are in accord with the previous report about fibrinogen depletion by nSK \[[@pone.0155831.ref053], [@pone.0155831.ref054]\]. Hence, these constructs are promising fibrinolytic molecules as they are highly fibrin-specific and do not contribute to systemic activation of HPG to plasmin which often leads to hemorrhagic and bleeding complications.

Significantly, besides maintaining an *in vitro* efficient clot-lysis activity and improved specificity, the *in vivo* half-life of PEGylated-SK1-383C-PEG constructs was drastically prolonged followed by PEGylated-SK1-383N-PEG constructs, a phenomenon that may be ascribed to the probable masking of highly sensitive proteolytically labile sites at the N-terminal region of SK which normally render it extremely susceptible to rapid cleavage. It is also pertinent that the truncated PEGylated-SK derivatives (either at C- or N-terminal) exerted a considerably diminished immune reactivity against rabbit polysera as compared with nSK. Thus, the results obtained in the present study regarding efficient clot-lysis activity and clot-specificity, specifically, the prolongation of *in vivo* half-life and a curtailed immune reactivity are extremely encouraging from the view point of new thrombolytic development. These also unmistakably suggest that some of the vital therapeutic attributes of this clot-dissolving agent can be successfully altered by a simple and selective chemical modification of truncated SK molecule/s using a protein engineering approach.

Conclusion {#sec024}
==========

The present study demonstrates the formulation of an efficient thrombolytic drug decorated with PEG moieties that posses desirable attributes of an enhanced *in vivo* half-life, reduced immune-reactivity and clot-specificity. Advantageously, these fibrin-specific clot-dissolving agents avert systemic activation of HPG in circulation, and therefore enhance the effectiveness of drug for the treatment of various circulatory diseases.
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